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We study the Faddeev-Popov ghost sector of asymptotically safe quantum gravity, which becomes
non-perturbative in the ultraviolet. We point out that nonzero matter-ghost couplings and higher-
order ghost self-interactions exist at a non-Gaußian fixed point for the gravitational couplings, i.e.,
in the ultraviolet. Thus the ghost sector in this non-perturbative ultraviolet completion does not
keep the structure of a simple Faddeev-Popov determinant. We discuss implications of the new ghost
couplings for the Renormalization Group flow in gravity, the form of the ultraviolet completion, and
the relevant couplings, i.e., free parameters, of the theory.
I. INTRODUCTION
Asymptotically safe quantum gravity has been stud-
ied in various approximations of the effective action,
for reviews see [1–9]: Starting from an Einstein-Hilbert
term [10], see also [11, 12], curvature squared [13, 14]
and higher-order scalar curvature truncations [15–17] and
more complicated tensor structures [18] have been stud-
ied. A setting with Lorentzian signature for the quan-
tum fluctuations has been investigated [19, 20], and other
choices of fundamental variables have been explored [21–
23]. A connection to the semiclassical regime in the in-
frared (IR) has been established [24], with indications
for a possible IR fixed point [25–27]. The study of the
Faddeev-Popov ghost sector has been initiated in [28],
see also [29], and continued in [30, 31], and the bimetric
structure arising from the gauge-fixing term has also been
studied [32–34]. So far, all the studies apart from [28] as-
sume a simple structure of the Faddeev-Popov ghost sec-
tor: The usual gauge-fixing procedure in gauge-theories
such as quantum gravity in the path-integral framework
employs the Faddeev-Popov trick, which results in the
Faddeev-Popov (FP) determinant in the generating func-
tional. Using Grassmann-valued fields, this determinant
can be exponentiated, yielding a local action with dy-
namical ghost fields. Standard choices of gauge fixing,
such as the harmonic gauge, yield a ghost action which is
quadratic in the ghosts. Beyond the perturbative regime,
this structure changes: Metric fluctuations induce fur-
ther terms beyond a simple FP ghost sector. Here, we
will focus on the existence of ghost-matter interactions
as well as higher-order ghost self-interactions. These are
usually not present in gauge theories in the ultraviolet
(UV), since they do not arise from the perturbative FP
trick. In the case of asymptotic safety, where the the-
ory becomes non-perturbative in the UV, such terms are
generated by metric fluctuations and will be non-zero at
the UV interacting fixed point. This implies the follow-
ing structure of the ghost sector in the UV: Due to the
existence of higher-order ghost operators, it is not pos-
sible to straightforwardly reverse the FP trick. In the
case of an asymptotically safe gauge theory, the ghost
sector seems to be part of the very definition of the mi-
croscopic action. The existence of these couplings also
raises the question how possible relevant couplings in the
ghost sector should be understood, and whether the sta-
tus of the Gribov problem differs fundamentally between
asymptotically free and asymptotically safe gauge theo-
ries.
We will show that ghost-antighost-2-scalar interactions
and fourth-order ghost terms are generated by the Renor-
malization Group (RG) flow, as soon as a kinetic term for
the scalar matter and the standard Faddeev-Popov ghost
term are present. In fact these are only the first terms in
what is to be expected an infinite number of new terms
with nonzero couplings at the fixed point.
In order to show that these new couplings are nonzero,
it suffices to evaluate a subset of all terms in their β func-
tions. In general, these β functions contain the following
types of terms, see fig. 1:
• Terms which generate these interactions even if
they are set to zero at some scale. These contribu-
tions are ∼ Zni G2N , since they are generated from
the kinetic terms only. Herein Zi denotes the wave
function renormalization of the matter and ghost
field, respectively, and n is the number of vertices
in the respective diagrams. GN denotes the New-
ton coupling. For instance, the diagram to the left
in fig. 1 yields a contribution ∼ G2N , since each
metric propagator comes with a factor of GN . The
vertices in the diagram arise from the kinetic terms,
and are therefore ∼ Zi.
• Further terms are proportional to (powers of) the
coupling itself. As an example, the diagram to the
right in fig. 1 is proportional to the matter-ghost
coupling itself, as the vertex is proportional to it.
FIG. 1: These diagrams contribute to the β function for a
ghost-matter coupling. Dotted lines denote ghosts, spiralling
lines metric propagators and full lines denote scalars.
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2The first type of contribution implies that these cou-
plings cannot approach a Gaußian fixed point, i.e., their
fixed-point values are necessarily nonzero, as soon as GN
is nonzero. Accordingly these terms induce a shift in the
β function, such that the Gaußian fixed point becomes
shifted to an interacting one. The second contribution
can induce further non-Gaußian fixed points at larger
values of the coupling, and also enters the critical expo-
nent at the shifted Gaußian fixed point. Here, we will
assume that at this fixed point, metric fluctuations yield
the dominant contribution to the β function. Thus con-
tributions that are proportional to the coupling itself will
be subleading, and we will neglect them. Although our
calculation is an approximation to the full β functions
within our truncation, it suffices to show that the cou-
plings under investigation cannot have a vanishing fixed-
point value. This calculation is therefore sufficient to
show that the structure of the Faddeev-Popov ghost sec-
tor of the microscopic fixed-point action differs crucially
from the perturbative regime.
II. CALCULATION OF GHOST-MATTER
COUPLINGS AND GHOST
SELF-INTERACTIONS
We will employ a non-perturbative formulation of the
functional Renormalization Group (FRG), for reviews see
[36–40]. We employ a momentum scale k and an IR mass-
like regulator function Rk(p), which suppresses IR modes
(with p2 < k2) in the generating functional. The scale-
dependent effective action Γk then contains the effect of
quantum fluctuations above the scale k only, and gives
the standard effective action Γ for k → 0. Its scale-
dependence is given by the following functional differen-
tial equation, the Wetterich equation [35]:
∂tΓk =
1
2
STr
(
Γ
(2)
k +Rk
)−1
∂tRk. (1)
Herein ∂t = k ∂k, and Γ
(2)
k is matrix-valued in field space
and denotes the second functional derivative of the ef-
fective action with respect to the fields. Adding the
mass-like regulator and taking the inverse yields the full,
momentum- and field-dependent propagator. The super-
trace contains a trace over all indices with a negative
sign for Grassmann valued fields. In the case of a continu-
ous momentum variable it implies an integration over the
momentum, otherwise the discrete eigenvalues of the full
regularized propagator are being summed over with the
appropriate degeneracy factors included. On the techni-
cal side, the main advantage of this equation is its one-
loop form, since it can be written as the supertrace over
the full propagator, with the regulator insertion ∂tRk in
the loop. Nevertheless it also yields higher terms in a
perturbative expansion, see, e.g., [41], since it depends
on the full, field- and momentum-dependent propagator,
and not just on the perturbative propagator. Expand-
ing the flow equation in a series of operators compati-
ble with the symmetry then allows to extract the non-
perturbative β functions of the corresponding couplings.
For reasons of practicality, the full RG flow in the
infinite-dimensional theory space cannot be evaluated,
even though infinite-dimensional truncations can be
studied even in gravity [16, 17]. Thus theory space is
truncated. Here, several ways to proceed are possible:
Firstly, one could choose the truncation to be the same
on both sides of the flow equation. This amounts to ex-
amining the RG flow of a number of couplings, which are
driven by quantum fluctuations of precisely the operators
corresponding to these couplings. Another possibility is
to specify a truncation for the right-hand side of the flow
equation, which implies that we fix the spectrum of quan-
tum fluctuations that drive the RG flow. It is then pos-
sible to consider a different (in particular larger) set of
operators on the left-hand side. In this case we study the
RG flow of a number of couplings as driven by a smaller
subset. Here, we will focus on this option, since it pro-
vides the following interesting information: Specifying a
minimal set of couplings that we have identified to be
non-vanishing in a certain physical setting, this method
allows to check which further couplings will be induced
by the minimal set of operators, and whether it is possi-
ble to set the couplings in a subspace of theory space to
zero consistently. Here, we will show that starting from a
minimal ghost sector with a Faddeev-Popov term, further
ghost couplings are necessarily generated and cannot be
set to zero.
To this end we proceed as follows: Splitting Γ
(2)
k +
Rk = Pk+Fk, where all scalar-field dependent and ghost-
dependent terms enter the fluctuation matrix Fk, such
that Pk is the propagator which does not depend on the
external fields, we may now expand the right-hand side
of the flow equation as follows:
∂tΓk =
1
2
STr{[Γ(2)k +Rk]−1(∂tRk)} (2)
=
1
2
STr ∂˜t lnPk + 1
2
∞∑
n=1
(−1)n−1
n
STr ∂˜t(P−1k Fk)n,
where the derivative ∂˜t in the second line by definition
acts only on the k dependence of the regulator, i.e.,
∂˜t =
∫
∂tRk
δ
δRk
. Since each factor of Fk contains a
coupling to external fields, this expansion simply corre-
sponds to an expansion in the number of vertices. Thus
we can straightforwardly write down the diagrammatic
expansion of a β function.
In the following we will employ the background field
formalism [42], where the full metric is split according to
gµν = g¯µν + hµν . (3)
Crucially, this split does not mean that we consider only
small fluctuations around a fixed, e.g., flat background.
Within the FRG approach we can access physics also
in the fully non-perturbative regime. The background-
field formalism is used in gravity, because the back-
ground metric allows for a meaningful notion of ”high-
momentum” and ”low-momentum” modes as implied by
3the spectrum of the background covariant Laplacian.
Later, we will set the background to be flat for reasons
of technical simplicity. Note that the β functions are
independent of a specific choice of background field con-
figuration – apart from topological considerations, see,
e.g., [43, 44]– that allows to uniquely project onto the
operators under consideration.
We now perform a York decomposition of the fluc-
tuation field hµν into a transverse traceless symmetric
tensor, a transverse vector, a scalar and the trace, and
specialize to Landau deWitt gauge, where only the trans-
verse traceless and the trace mode contribute to the run-
ning of ghost self-couplings and ghost-matter couplings.
A. Interactions between ghosts and scalar matter
We consider the following truncation on the right-hand
side of the flow equation and will focus on some of the
terms that are induced on its left-hand side.
Γk = ΓkEH + Γk gf + Γk gh + Γkmatter, (4)
where
ΓkEH = 2κ¯
2ZN(k)
∫
d4x
√
g(−R+ 2λ¯(k)), (5)
Γk gf =
ZN(k)
2α
∫
d4x
√
g¯ g¯µνFµ[g¯, h]Fν [g¯, h], (6)
with
Fµ[g¯, h] =
√
2κ¯
(
D¯νhµν − 1 + ρ
4
D¯µh
ν
ν
)
. (7)
Here, κ¯ = (32piGN)
− 12 is related to the bare Newton cou-
pling GN. The standard Faddeev-Popov ghost term reads
Γk gh = −
√
2
∫
d4x
√
g¯ Zc(k) c¯µ
(
D¯ρg¯µκgκνDρ
+ D¯ρg¯µκgρνDκ − 1
2
(1 + ρ)D¯µg¯ρσgρνDσ
)
cν ,(8)
with a wave-function renormalization Zc(k). We now
specialize to the Landau deWitt gauge, where ρ → α
and α→ 0, which is a fixed point of the RG flow.
We will work on a flat background which suffices to
point out the generation of matter-ghost couplings.
We consider minimally coupled scalar matter where
Γkmatter =
Zφ(k)
2
∫
d4x
√
g gµν∂µφ∂νφ, (9)
with a wave-function renormalization Zφ(k). The flow
then generates matter-ghost interactions by the diagrams
in fig. 2.
In order to point out that such interactions are gen-
erated, we project the flow onto the following flat-space
approximation of the matter-ghost action. The couplings
in this induced action are nonzero due to quantum fluc-
tuations, even if set to zero at some scale k0:
Γk ind =
∫
p1,p2,p3
Vµν(p1, p2, p3)c¯
µ(p1)c
ν(p2)φ(p3)φ(p1−p2−p3),
(10)
where we have gone to Fourier space using that c¯µ(x) =∫
p
e−ip·xc¯µ(p) and cµ(x) =
∫
p
eip·xcµ(p). In general, the
induced action of course depends on covariant derivatives
with respect to the full and the background metric, but
here it suffices to evaluate it in a single-metric approxi-
mation gµν = g¯µν and on a flat background g¯µν = δµν .
When fixed-point values of couplings are nonvanishing in
this approximation, there is clearly no way for them to
be zero in the more general case.
FIG. 2: These diagrams generate the matter-ghost coupling
between φ2 and a ghost and antighost and thereby remove the
Gaußian fixed point in the corresponding β function. Matter
fields are denoted by thick lines, ghosts by dashed and metric
fluctuations by spiralling lines. A regulator-insertion exists
on each of the internal propagators.
The vertex function Vµν(p1, p2, p3) comprises different
tensor structures at fixed power of momenta, such as
c¯µ∂2cµφ∂
2φ, ∂ν c¯
µ∂νcµ∂
κφ∂κφ etc. For our purpose, it
is not important to disentangle the flow of these contri-
butions. To investigate, whether ghost-matter interac-
tions are induced at all, it suffices to study the flow of
V in the above approximation. The β function of the
sum of couplings, that we project on, can only show a
Gaußian fixed point, if each of the separate couplings
has a Gaußian fixed point. Thus we will project onto
the simplest nonvanishing component by evaluating the
induced flow of
4v¯(k) :=
1
4 · 48
( ∂2
∂qµ∂qµ
)2
δαβ
∫
q4
δ
δc¯α(q3)
δ2
δφ(q1)δφ(q2)
Γk
←
δ
δcβ(q4)
∣∣∣
q1=q2=q3=q
∣∣∣
φ=0,c=0,q=0
. (11)
Lower orders in the external momentum vanish, as
is in accordance with the fact that the ghost-antighost-
graviton vertex depends on the momentum of the ghost,
and the scalar-squared graviton vertex depends on the
momentum of the scalar, see app. A. Thus no ultralo-
cal interaction term is generated, instead the generated
operators are momentum-dependent and operators with
arbitrarily high powers of momenta will exist. This might
be understood as a specific form of (mild) non-locality in
the UV. In a standard setting it is known that, starting
from a local microscopic action, integrating out quantum
fluctuations towards the IR yields nonlocal terms. This
differs in the case of asymptotic safety: Diagrams which
generate, e.g., matter-ghost couplings with arbitrarily
many derivatives, are nonzero as soon as metric fluctua-
tions exist. Thus momentum-dependent ghost-couplings
as well as matter couplings [45] will be nonzero at the
fixed-point. Accordingly in the case of asymptotic safety
the fixed-point action itself seems to be nonlocal in this
way. Note that this is a mild form of nonlocality, where
terms such as 1D2 are not included as separate operators
in theory space (note that they could still arise from a
resummation of local operators in the IR limit, see, e.g.,
[46]). Whether it is actually necessary to extend theory
space to include such strongly nonlocal operators is ul-
timately an experimental question. On the other hand,
it might also be possible that all these operators can ac-
tually be resummed to give a very simple expression, for
the fixed-point action see, e.g., [16] for evidence of such
a scenario.
We now define the dimensionless couplings
v(k) =
v¯(k)k4
ZcZφ
,
g(k) =
GNk
2
ZN
,
λ(k) =
λ¯(k)
k2
, (12)
and the anomalous dimensions
ηN = −∂t lnZN ,
ηφ = −∂t lnZφ,
ηc = −∂t lnZc. (13)
Then the β function for v will have the following form
βv = 4v + ηcv + ηφv + c1g
2f1(λ) +O(v). (14)
Here, c1 is a regularization-scheme dependent constant
and f1(λ) is a scheme-dependent function of the cosmo-
logical constant. For c1 6= 0, v = 0 is not a fixed point,
instead the Gaußian fixed point is shifted to an interact-
ing one. To check whether this is the case, we only need
to calculate the contribution ∼ c1g2 to the β function.
As a first result, we report this contribution to βv¯ for a
generic regulator:
∂tv¯(k)
∣∣∣
v¯=0
=
1
2 · 4 · 48
(ZφZ2c
3
√
2(−720)∂˜t
[∫ d4p
(2pi)4
p2
P2k TT (p)Pk c¯c(p)
]
− 1
4
Z2φZ
2
c
17√
2
∂˜t
[∫ d4p
(2pi)4
p4
P2k h(p)Pk φ(p)Pk c¯c(p)
])
= c1g
2f1(λ)
ZcZφ
k4
. (15)
In this expression PkΦ denotes the regularized in-
verse propagator for the field Φ = hTT , h, φ, c¯, c, see
app. A. Herein the factor 14·48 arises from our defini-
tion of the coupling which is motivated by the fact that(
∂2
∂qµ∂qµ
)2
(q2)2 = 4 · 48.
This expression shows that the ghost-scalar coupling
will be nonzero as soon as metric fluctuations are taken
into account: Every metric propagator P−1k TT and P−1k h
comes with a factor of GN , and the momentum-integrals
over the scale-derivative of the propagators are non-
vanishing, thus the right-hand side of eq. (15) is nonzero.
In our case, the factors responsible for this result depend
on GN , but in fact in the case of a higher-derivative fixed
point action, the corresponding terms would simply be
proportional to the higher-derivative couplings. This is
evident from eq. (15), which depends on the regularized
graviton propagator, and is therefore nonvanishing for
the Einstein-Hilbert action as well as any type of higher-
derivative gravitational action.
The transition to the β function for the dimensionless
coupling v then works as follows:
∂tv(k) = 4v(k) + ηcv(k) + ηφv(k) + k
4 ∂tv¯(k)
ZcZφ
. (16)
As pointed out, eq. (15) implies that k4 ∂tv¯(k)ZcZφ ∼ g(k)2,
due to the square of the metric propagator. Thus
we observe that ∂tv(k) = 4v(k) + ηcv(k) + ηφv(k) +
c1 g(k)
2f1(λ), with f1(λ) 6= 0 for any finite λ and c1 6= 0.
Accordingly, the fixed-point value of v(k) will depend on
the value of g quadratically in this approximation, see
fig. 3.
In the following, we choose a regulator of the form [47]
Rk =
(−Γk(p2) + Γk(k2))Θ(k2 − p2) (17)
5to arrive at the numerical results in fig. 3. In the pure
Einstein-Hilbert truncation with standard Faddeev-
Popov ghost term [30], as well as in different truncations
taking into account the back-coupling of the scalar
[45, 48], g∗ > 0 and λ∗ > 0. This implies that v∗ 6= 0,
and confirms our expectation that metric fluctuations
remove the Gaußian fixed point in the ghost-matter
coupling.
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FIG. 3: Here we plot the fixed-point value of v as a function
of g, for ηN = −2, ηφ = −0.78, cf. [30], for a regulator of
the form eq. (17). The blue thick curve shows the value for
λ = 0, whereas the dashed purple curve shows the result for
λ = −0.5.
Here we point out for the first time that nontriv-
ial ghost-matter interactions exist in asymptotically safe
quantum gravity, see fig. 3. Note that since vertices
coupling two gravitons to two gauge fields and two
fermions exist as soon as kinetic terms for those fields
are included in the truncation, one should expect that
ghost-gauge-field or ghost-fermion interactions will be
generated. In fact, the fixed-point action will presum-
ably contain nonzero couplings for operators of the form
Og(gµν)Om(m)Oc(c¯, c), where Og/m/c denotes operators
depending on the metric, matter fields and ghosts, re-
spectively. This effect has already been pointed out for
the case of fermions in [49].
B. Ghost self-interactions
In the following we will consider the truncation eq. (4)
and set the matter action to zero, to study the gener-
ation of ghost self-couplings. In the case of the stan-
dard Faddeev-Popov ghost term, only a ghost-antighost-
graviton vertex exists, and no vertex with coupling to
several gravitons. Thus the only diagrams inducing
ghost self-interactions are four-vertex diagrams. Here,
we evaluate the Str
(P−1F)4 contribution, projected on
terms with two external ghosts and two antighosts, see
fig. 4. We first observe, that these diagrams induce
a momentum-dependent interaction, since the ghost-
antighost-graviton vertex depends on the momentum of
the ghost and vanishes if it is taken to zero. Note
that, unlike in [49], no cancellation between ladder and
crossed-ladder contributions occurs here and in the case
of ghost-matter interactions, which would only hold in
the case of constant external fields.
FIG. 4: These are the only two diagrams that induce four-
ghost couplings, starting with a simple perturbative FP term
in the action. Regulator insertions can be found on each of
the internal lines.
We project the flow equation onto the following ghost self-coupling
χ¯gh =
( 1
4 · 48
(
∂2
∂qα∂qα
)2∫
q4
1
2
δµκδνλ
δ
δc¯µ(q4)
δ
δc¯ν(q2)
Γk
←
δ
δcκ(q3)
←
δ
δcλ(q1)
∣∣∣
q1=q2=q3=q,c¯=0,c=0
)∣∣∣
q=0
. (18)
The dimensionless coupling χgh is thus given by
χgh =
χ¯ghk
4
Z2c
. (19)
Accordingly the β function reads
βχgh = 4χgh + 2ηcχgh + c2g
2f2(λ) +O(χgh · g) +O(χ2gh).
(20)
Herein c2 is a regularization-scheme dependent constant
and f2(λ) a regularization-scheme dependent function of
the cosmological constant. In the following we will focus
on this term in order to point out that for g 6= 0, the β
function cannot have a Gaußian fixed point.
As in the case of ghost-matter interactions, although
our projection does not distinguish different tensor struc-
tures, it is fully sufficient to show that the ghost sector
has a nontrivial structure beyond a simple perturbative
Faddeev-Popov term. Note also that non-unique projec-
tions often have to be resorted to in the case of gravity
for technical reasons, e.g., when employing a spherical
background to evaluate the traces on the right-hand side
of the flow equation.
6We find the following induced β function for an un-
specified regulator function:
∂tχ¯gh
∣∣∣
χ¯gh=0
=
1
48 · 4
1
2
Z4c ·
·
(
−1
4
800
3
∂˜t
∫
d4p
(2pi)
4
p4
(Pk cc¯(p))2 Pk h(p)Pk TT (p)
−1
4
11840
9
∂˜t
∫
d4p
(2pi)
4
p4
(Pk cc¯(p))2 (Pk TT (p))2
−1
4
(−35)∂˜t
∫
d4p
(2pi)
4
p4
(Pk cc¯(p))2 (Pk h(p))2
)
= c2g
2f2(λ)
Z2c
k4
. (21)
Herein, the three different terms arise from the York
decomposition of the metric field, since the four-vertex
diagrams exist with internal transverse traceless or trace
modes. The four-ghost coupling will be nonzero as
soon as metric fluctuations exist, see fig. 5. Insert-
ing fixed-point values for g and λ, which are nonzero
in the Einstein-Hilbert and extended truncations, yields
χgh ∗ 6= 0. As discussed in the case of ghost-matter in-
teractions, the specific form of the graviton propagator
is not important for this effect to exist, and any form of
higher-derivative gravitational action will also show the
existence of ghost self-interactions.
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FIG. 5: Here we plot the fixed-point value at the shifted
Gaußian fixed point for ηc = −0.78 and ηN = −2 as a function
of g for a regulator of the form eq. (17). The blue thick curve
shows the result for λ = 0, whereas the purple dashed curve
shows the result for λ = −0.5. Clearly, the value χgh = 0 can
only be reached by setting g = 0.
III. DISCUSSION AND SUMMARY: GHOST
SECTOR OF ASYMPTOTICALLY SAFE
QUANTUM GRAVITY
We have shown that ghost-matter couplings and ghost
self-couplings are induced by metric fluctuations. Their β
functions do not admit a Gaußian fixed point if the grav-
itational couplings are nonvanishing. Thus, the fixed-
point action for quantum gravity contains nonvanishing
matter-ghost operators and higher-order ghost operators.
The matter-ghost couplings have an interesting impli-
cation for the gauge-fixing: Since these are of second
order in the ghosts, one can re-express the ghost action
in terms of a Faddeev-Popov determinant. Thereby the
determinant becomes explicitly dependent on the matter
fields, implying a matter-dependent form of gauge fixing.
This is reminiscent of the idea to use matter fields, specifi-
cally interaction-less ’dust’, to introduce a preferred time-
slicing and therefore a gauge fixing in Loop Quantum
Gravity [50, 51].
The existence of four-ghost couplings implies that writ-
ing the ghost sector as a determinant in the path-integral
over metric fluctuations is not possible, although in prin-
ciple the ghost fields can still be integrated out, even
if they occur at higher order. Thus, at the interact-
ing fixed point that constitutes the UV completion of
the theory, the structure of the theory is very different
from the standard setting in gauge theories, where the
Faddeev-Popov trick can be reversed and different choices
of gauge-fixing and ghost sector are possible. Here, the
fixed point ’chooses’ the structure of the gauge-fixing and
ghost sector, and does not seem to be compatible with
their perturbative form. The standard way of approach-
ing the quantization of a gauge-theory, where a gauge-
invariant action is gauge-fixed, introducing a quadratic
ghost term into the path integral seems to break down in
the case of asymptotically safe quantum gravity. Instead
the fixed point action seems to necessarily make use of a
larger number of operators compatible with background-
field invariance.
Let us clarify the difference to Yang-Mills theory:
There it is known, e.g., from Curci-Ferrari gauges [52]
that the most general perturbatively renormalizable
BRST invariant action also contains four-ghost opera-
tors. Still, there is no need to introduce these terms,
as, for instance, Landau gauge without these terms de-
fines a perfectly legitimate choice of gauge. By contrast,
asymptotically safe gauge theories, such as gravity, ap-
pear to inevitably require higher-order ghost interactions.
Thus a choice of gauge-fixing as part of a truncation
of the full effective action that implies the existence of
a ghost-antighost-graviton vertex will show an RG flow
that is inconsistent with setting further ghost operators
to zero, corresponding to a truncation that is not closed.
In other words, the RG flow will generically lead into a
region of theory space where higher-order terms in the
ghost sector are present and cannot be set to zero consis-
tently in the fixed-point action. Here, we have shown
this with a particular choice of gauge fixing term on
the right-hand side of the flow equation, and unspeci-
fied regulator shape function. Presumably other choices
of gauge-fixing will also exhibit this behavior: One usu-
ally constructs a truncation by specifying a gauge-fixing
and an accompanying Faddeev-Popov ghost term in ad-
7dition to the gauge-invariant part of the action. The
gauge-fixing functional Fµ[g¯, h] must depend on the back-
ground metric and the fluctuations hµν , in order to pro-
vide a background-covariant gauge-fixing for the theory.
Thus the Faddeev-Popov determinant accompanying this
gauge fixing will depend on the fluctuation field. This
dependence is enough to ensure that when the determi-
nant is exponentiated with the help of ghost fields, a
ghost-antighost-graviton vertex exists. From this vertex,
diagrams such as those in fig. 4 can be constructed, and
induce nonvanishing higher-ghost operators. Accordingly
the existence of higher ghost operators at the fixed point
seems to be a generic feature of asymptotically safe quan-
tum gravity. It seems that the fixed-point action cannot
be considered as a diffeomorphism invariant part accom-
panied by a standard gauge-fixing and ghost term, but
exhibits further nonvanishing ghost operators. In this
sense, the fixed-point action is very different from a stan-
dard classical, i.e., microscopic action, where such a pro-
cedure is always possible1. Thus at an interacting fixed
point, the ghost sector is necessarily more involved than
in the setting of an asymptotically free gauge theory, and
at the microscopic level the quantum theory only exists
in a gauge-fixed version.
Note that RG flows based on the geometric or Vilko-
visky DeWitt effective action, such as first studied ex-
plicitly in [25] clearly are highly interesting in the non-
perturbative setting, since a scenario such as the one dis-
cussed here could possibly be avoided there.
A. Fixed-point requirement for ghost couplings
In the asymptotic-safety scenario observables in an ef-
fective theory stay finite, even if the cutoff scale of the ef-
fective theory is taken to infinity and the theory becomes
fundamental. This holds if all (dimensionless) couplings
that enter observables independently approach a finite
fixed-point value in the UV (for other possibilities of UV
completions see, e.g., [43, 54, 55]). As couplings of ghost
operators cannot be measured in experiments, one might
conclude that accordingly there need not be a fixed-point
requirement for these couplings. For matter-ghost cou-
plings this is actually different, since matter couplings
enter observable quantities. Thus all matter couplings
should approach finite fixed-point values. The matter-
ghost coupling that we have studied here directly enters
matter β functions due to the quadratic occurrence of the
ghosts. Thus, we face a situation where βgm ∼ v and fur-
ther ghost couplings, for matter couplings gm. Accord-
ingly matter couplings will not stay finite in the UV, if
1 As has been noted in [53], the transition from the fixed-point
action Γk→∞ to a microscopic action S is nontrivial, and it re-
mains to be investigated what the implication of the nontrivial
structure in the ghost sector for this transition is.
ghost-matter couplings do not approach a fixed point. A
similar consideration actually applies to ghost-curvature
couplings which are quadratic in the ghosts. Taken to-
gether this implies that all ghost couplings, also higher-
order ones, should approach finite fixed-point values for
the asymptotic-safety scenario to be viable.
Still, a different scenario is possible: In principle, tak-
ing into account the modified Ward-identities will lead
to restrictions on the ghost couplings, relating them to
unphysical (”longitudinal”) metric couplings. Thus, a di-
vergence of a ghost coupling could be cancelled by the di-
vergence of an unphysical metric coupling, yielding finite
predictions for physical observables. This option clearly
deserves to be investigated further. Note however that if
this option was realized, it would point to a major differ-
ence between gravity and Yang-Mills theory: The latter
shows an IR-divergent ghost propagator, e.g., in Landau
gauge, which is not accompanied by a corresponding be-
havior of the gluon propagator, [56–58].
B. Relevant couplings in the ghost sector
Let us address the question of relevant couplings in the
ghost sector: At the shifted Gaußian fixed point in our
approximation, the critical exponents are given by
θv = −∂βv
∂v
= −4− ηc − ηφ,
θχgh = −
∂βχgh
∂χgh
= −4− 2ηc. (22)
Accordingly, for ηc < 0, as observed in the truncation
in [30] and [31], the two couplings are shifted towards
relevance, but remain irrelevant for the value of ηc in
the Einstein-Hilbert truncation. A positive value of ηφ,
as found in [45], shifts the ghost-matter coupling further
into irrelevance. Beyond our truncation, also ghost oper-
ators of canonical dimensionality 0 and -2 are generated,
which will probably be shifted into relevance, see [28, 29].
The interpretation of such relevant couplings in the
ghost sector is challenging since relevant couplings cor-
respond to free parameters, the values of which need to
be fixed before the IR value of other couplings is deter-
mined. For the coupling of a metric operator, one can
hope to find a connection to an observable quantity (at
least in principle), such that an appropriate experiment
could fix the value of this coupling at some scale. Such
a procedure seems impossible for an operator contain-
ing a ghost. On the other hand, the RG flow does not
’know’ about the distinction between physical and un-
physical fields: To uniquely determine a trajectory in
theory space predicting the values of all irrelevant cou-
plings and fixing the physics content of the theory in the
IR, all relevant couplings need to be assigned a value.
Thus, the IR theory remains undetermined as long as rel-
evant couplings in the ghost sector are not fixed. There
seem to be two ways to solve this apparent problem: In
8the first case, different values of the relevant ghost cou-
plings correspond to distinct physical theories. This case
would contradict our understanding of the role of ghosts,
and would imply that ghost fields do more than can-
celling the effect of unphysical metric components, but
can be combined into operators which are accessible to
physical measurements2. To understand this scenario it
is helpful to first integrate out ghost fields in the path-
integral, which is possible in principle even if these occur
at higher order. The resulting path-integral over metric
configurations does not take the form of an exponenti-
ated local action any more. Still this could provide a
way to identify the free parameters connected to relevant
ghost couplings with prefactors of metric operators. Re-
exponentiating the new terms would result in a non-local
form of the action. Relevant terms in the ghost sector
therefore suggest the existence of relevant non-local op-
erators. Alternatively, a free parameter could also exist
in a non-trivial measure factor in the path-integral.
In the second case, different values of the relevant ghost
couplings correspond to RG trajectories which differ in
the values of (some) couplings, but agree in all physical
predictions. This is possible if the distinction between
RG trajectories due to the relevant ghost couplings is
not a physical distinction, but arises from our inability
to parameterize the system in terms of physical (and pre-
sumably nonlocal) degrees of freedom only.
In this connection it should be mentioned that it could
be possible to reformulate the fixed-point action in terms
of other fields, in which the distinction between phys-
ical and unphysical degrees of freedom is clearer. As
an example, consider QCD, where it is advantageous to
introduce auxiliary fields in the IR, using bosonization
techniques [60]. The RG flow then generates dynamics
for these fields and thus turns them into physical fields,
which can be identified with mesons, see also [61]. Simi-
larly, it might be possible to map the fixed-point action
in gravity to a different action in terms of other fields,
where the distinction of physical and unphysical degrees
of freedom ist more transparent, and only physical fields
can enter relevant operators.
Clearly, to suggest a solution to the issue of relevant
2 Yang-Mills theory in the IR seems to provide an example for a
theory where quadratic ghost operators contribute to physical
observables, such as, for instance, deconfinement order parame-
ters [59]. The crucial point here is that although ghost operators
add important contributions to the calculation of physical ob-
servables, their function is the cancellation of unphysical gauge
modes. Crucially, no free parameter is associated with any ghost
operator in Yang-Mills theory. Thus, if, e.g., higher-order ghost
operators carried leading contributions to physical observables,
the value of their coupling could be calculated from the knowl-
edge of the relevant coupling in Yang-Mills theory, which is di-
rectly accessible to measurements. In the case of a relevant ghost
coupling, this would be different, since the values of ghost cou-
plings as well as gauge couplings could not be calculated from
the knowledge of relevant gauge couplings.
couplings in the ghost sector requires the knowledge of
true physical observables in (quantum) gravity.
A final possibility could be the existence of an IR at-
tractive fixed point, see [25–27], the domain of attrac-
tivity of which comprised all values of the relevant ghost
couplings. Since the effective descriptions provided by Γk
must lie on a line of constant physics, the independence
of the full effective action Γk→0 = Γ∗ IR from the relevant
ghost couplings implies that the distinction of different
trajectories Γk>0 by different values of these couplings
does not have any imprint on observable quantities.
C. Gribov problem and non-perturbative structure
of the ghost sector
Let us discuss the (in)famous Gribov problem: It can
arise if the Faddeev-Popov trick, devised to deal with
a gauge theory in the perturbative regime, is applied
also beyond: As an example, consider Yang-Mills the-
ory in the Landau gauge, see also [62, 63]: The Faddeev-
Popov operator is given by −∂µDabµ , where D denotes
the covariant Yang-Mills derivative and a, b denote in-
dices in the adjoint representation. Whereas this opera-
tor remains positive-definite in the perturbative regime,
its lowest eigenvalue changes sign at the (first) Gribov-
horizon [64, 65], where the value of the gauge field is
larger. This happens since the Landau gauge does not
uniquely specify a physical field configuration. Accord-
ingly the derivative of the gauge-fixing functional along
a gauge orbit, the Faddeev-Popov operator, cannot stay
positive definite. In the non-perturbative regime, the
Faddeev-Popov trick for covariant gauges does therefore
not correspond to inserting a ”1” into the functional in-
tegral, instead one inserts a ”0”, making the functional
integral ill-defined, [66]. In gravity, the Gribov problem
has been discussed in [67–69]. We observe an interest-
ing alteration to the standard problem in our setting: At
locations in metric configuration space where the simple
FP determinant would be zero, the additional terms in
the ghost action, which will in general depend on the
background metric and the matter fields, need not be
zero. Thus the location of the Gribov horizon is shifted.
Whether it is even possible to completely remove the
Gribov horizon(s) remains to be investigated by explic-
itly studying the lowest-lying eigenvalues of the Faddeev-
Popov (FP) determinant in field configuration space. It
would indeed be very exciting, if the theory would find a
solution to the Gribov problem in the non-perturbative
regime ”by itself”, by requiring the existence of further
ghost couplings at the fixed point. Studying the ghost ac-
tion in metric configuration space in our truncation could
provide a first indication of whether the Gribov problem
is absent in untruncated theory space.
9D. Comparison: Ghost sector in asympotically free
vs. safe theories
To clarify the structure of the ghost sector and its im-
plications, let us point out the difference between asymp-
totically free gauge theories which become strongly-
interacting in the IR, such as Yang-Mills theory, and a
non-perturbative UV completion for gravity, see fig. 6.
FIG. 6: We illustrate the RG flow in theory space in the
case of asymptotic freedom (left panel) and asymptotic safety
(right panel).
In both cases, the non-perturbative regime shows a
nontrivial ghost sector: In the case of Yang-Mills theo-
ries, one can start from a very simple form for the mi-
croscopic action with a standard Faddeev-Popov ghost
sector in the UV. Gluonic fluctuations will then generate
effective ghost-interactions in the IR. In fact, in some
gauges the ghosts even become dynamically enhanced
[56–58] and carry important physical information on, e.g.,
confinement, see, e.g., [70]. Thus at a first glance the
situation looks similar to the case of asymptotically safe
quantum gravity. The crucial distinction lies in the differ-
ence between asymptotic freedom and asymptotic safety:
In the former, the UV fixed-point action shows a pertur-
bative ghost sector, whereas further ghost couplings are
present in the UV in the second case. Besides, only the
gauge coupling is marginally relevant in Yang-Mills the-
ory, and none of the ghost couplings is. Thus ghost-self
couplings do not correspond to free parameters in the
theory, although they are generated non-perturbatively.
The distinction between physical degrees of freedom and
ghosts is very clear in this setting: No physical quan-
tity can actually depend on a free parameter in the ghost
sector. Furthermore, the choice of gauge is a freedom of
the theory, and, e.g., in the case of lattice simulations it
can be advantageous to avoid any gauge fixing and sim-
ply work with the gauge-invariant microscopic action. In
contrast, the UV fixed-point action in asymptotically safe
quantum gravity is nontrivial in the ghost sector, and it
is not possible to write the action in terms of a simpler
gauge-invariant action by reversing the Faddeev-Popov
trick. Besides, relevant couplings in the ghost sector sug-
gest that this sector might even carry free parameters of
the physical theory. In summary, the ghost sector plays a
different role in gravity, being crucial for the microscopic
definition of the theory.
E. Ghost sector in an effective-field theory setting
for gravity
Our results are not restricted to the case of asymp-
totically safe quantum gravity. In a more general con-
text, they apply in the effective-field theory framework
for quantum gravity, see [71, 72]. An important dif-
ference arises since in that context one could possibly
set the microscopic values of the new couplings to zero,
since there is no fixed-point requirement at the micro-
scopic scale (which is finite in the effective-field theory
setting). Instead the underlying UV completion deter-
mines the values of the couplings at this scale, and it is
conceivable that the ghost sector could be trivial in such
a setting. Since the microscopic theory is defined in a
different way, the challenges arising from the fixed-point
setting considered here might not carry over to the effec-
tive theory. Then the couplings investigated here would
still be generated in the flow towards the IR, similar to
the case of asymptotically free gauge theories, see above.
In this case the generated dimensionless coupling would
be small, since g is small in that regime (since the effec-
tive theory breaks down where g ∼ O(1).) Since at the
shifted GFP the couplings investigated here remain ir-
relevant, as suggested by their canonical dimensionality,
the value of the dimensionfull couplings would run to zero
very quickly. Thus ghost self couplings and matter-ghost
couplings could possibly be neglected in the effective-field
theory framework for all practical purposes, since their
effect on any observable must be very small. Note how-
ever that depending on the choice of UV completion, a
similar situation to the case of asymptotic safety could
also arise in other settings.
IV. OUTLOOK: BEYOND FOURTH-ORDER
TRUNCATIONS
So far, we have evaluated the first terms in a presum-
ably infinite number of new ghost couplings. In fact,
the ghost-antighost-graviton vertex allows to construct
diagrams that induce higher-order ghost couplings (ob-
viously restricted in the maximal number of ghost fields
by their Grassmannian nature) of the type
Ogh i =
∫
x
(
c¯κVκλ[gµν , g¯µν ]c
λ
)i
, (23)
see also fig. 7. Similar diagrams also induce ghost-matter
couplings with all matter and gauge fields. Furthermore
all these diagrams also induce ghost-curvature-(matter)
couplings: Evaluating the flow equation on a curved
background, the internal propagators can be derived with
respect to the curvature, yielding powers of the curvature
in the operator that is induced. Crucially all these dia-
grams are generated as soon as a simple Faddeev-Popov
term is present in the effective action at some scale. Put
differently, the contribution to the β function of these
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FIG. 7: This six (anti) ghost diagram is constructed from
the simple ghost-antighost-graviton vertex, only.
new couplings that is generated in this way is indepen-
dent of the coupling itself. Thereby, setting the coupling
to zero does not yield a zero in the β function. In other
words, all these couplings can generically be expected to
have a nonzero fixed-point value. Therefore the structure
of the ghost fixed-point action will be very different from
a simple Faddeev-Popov ghost sector: Ghosts and mat-
ter as well as curvature will be combined into a variety
of operators with nonvanishing couplings.
Many of the new couplings, namely those quadratic in
the ghost fields, will directly enter the β functions of mat-
ter and curvature couplings. Thereby the complicated
structure in the ghost sector cannot be ignored, as it en-
ters the flow of couplings that can in principle be linked
to observables. Furthermore the question of relevant cou-
plings in the ghost sector becomes more pressing and re-
quires further investigation. In this context the study of
the ghost sector with methods as in [56–58] might allow
to gain insight into the behavior of the infinite tower of
vertex functions involving ghost couplings.
Judging from the present investigation and that of [45]
the following picture seems to emerge: Constructing a
fundamental theory of quantum gravity, i.e., a quantum
field theory that can exist in the infinite-cutoff limit, with
the help of an interacting fixed point, implies that the
interactions cannot be contained within a finite number
of operators. Accordingly, the far UV is described by a
theory with rather complicated (derivative) interaction
terms between all fields in the theory, and the spectrum
of quantum fluctuations becomes very involved. Unlike
in the case of an asymptotically free gauge theory, where
one relevant coupling drives the RG flow, a larger but
presumably finite number of such couplings exist, and
could also be found in the ghost sector.
In such a setting, numerical simulations of the path-
integral for gravity in terms of gauge-invariant degrees of
freedom seem to become more challenging. Clearly a di-
rect translation of the fixed-point action to a microscopic
action in a discretized setting is not possible. Our investi-
gation seems to imply that at a possible UV fixed point, it
is considerably more complicated than in a perturbative
setting to write the generating functional without the oc-
currence of ghost fields by integrating these out. Finally
if ghost couplings become relevant, they correspond to
parameters that need to be tuned in a discretized setting
in order to reach the continuum limit there. As discussed
in sect. III B, these might actually correspond to param-
eters in a non-trivial measure factor in the gravitational
path integral, possibly related to that in [73], or to a
non-local curvature operator. To summarize, this sug-
gests that the transition from the fixed-point action to a
microscopic classical action needs to be investigated fur-
ther [53], to understand the structure of the ghost sector
in this transition. This will help to elucidate the connec-
tion between simulations such as those in [74] and the
present setting of the FRG. It might actually be possible
that a theory formulated in terms of physical degrees of
freedom only, in fact lies in a different universality class
than one which employs ghost fields and contains relevant
couplings in the ghost sector.
In the future, it is mandatory to investigate infinite-
dimensional truncations, e.g., functions of the operators
considered here. One might hope that the asymptotic
form of these functions in the far UV becomes simple,
as advocated in [16] for the case of curvature operators.
Otherwise the structure of the theory as implied by the
present investigation and that in [45] seems to suggest
that tools complementing the FRG approach to gravity
should be developed in order to get a handle on the com-
plicated structure of the theory.
Let us add that the results presented here do not ex-
clude the possibility of the following scenario: Although
ghost couplings do not admit a Gaußian fixed point,
their back-coupling into the flow of operators connected
to physical observables could be small. A similar
effect has been observed in [45] for a class of matter
couplings and their back-coupling into the flow of the
Einstein-Hilbert sector, which is in fact subleading. As a
point in favor of this scenario, note that a larger number
of fermionic matter fields – as in the standard model –
shifts the fixed-point value of the cosmological constant
toward larger negative values [48], which implies that
the contribution of metric fluctuations to, e.g., ghost
β functions is reduced, as discussed in [49]. Thereby,
the fixed-point value at the shifted Gaußian fixed
point becomes smaller, cf. fig. 3 and fig. 5. A smaller
fixed-point value in turn implies a smaller back-coupling
into the flow of metric operators. Furthermore, in the
untruncated theory space, all relevant couplings could
be connected to physical observables and no ghost
coupling would be relevant. In such a setting, the rather
complicated structure of the ghost sector would play a
subleading role in the calculation of physical predictions
from this theory. Whether this scenario, or one with a
large back-coupling of ghost operators into the flow of
metric couplings, and a finite number of relevant ghost
couplings, is actually realized, necessitates more detailed
investigations of the ghost sector.
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Appendix A: Vertices and propagators for the P−1F
expansion
In the following we use a notation where the subscripts
TT , h, c¯, c and φ denote the transverse traceless graviton
mode, the trace mode, the antighost, ghost and scalar.
The projection operators for the transverse traceless
graviton and the ghost propagator read as follows:
PTT µνκλ(p) =
1
2
(PT µκ(p)PT νλ(p) + PT µλ(p)PT νκ(p))
−1
3
PT µν(p)PT κλ(p), (A1)
where PT µν(p) = δµν − pµpνp2 denotes the standard
transversal projector.
Pc¯c µν(p) =
1√
2
(
δµν − 1
3
pµpν
p2
)
. (A2)
Next we define the following vertex functions to facilitate
the definition of the elements of the fluctuation matrix
involving ghosts and antighosts:
VT µκρσ(p, q) =
Zc(k)√
2
((
p · q + q2) (δµρδκσ + δµσδκρ)
+
1
2
qρqµδκσ +
1
2
qσqµδνκ − 1
2
pµqρδκσ
−1
2
pµqσδκρ + pκqρδµσ + pκqσδµρ
)
(A3)
Vµκ(p, q) = −
√
2Zc(k)
(1
4
(−p · q − q2) δµκ − 1
4
pκqµ
−1
8
qκqµ +
1
8
pµqκ
)
. (A4)
Next we define
Vc h µα(p, q) = c¯
α(q − p)Vµα(p,−q)
Vc¯ h µα(p, q) = −cµ(p− q)Vµα(p, q − p)
Vh c µα(p, q) = −c¯α(q − p)Vµα(−q, p)
Vh c¯ µα(p, q) = c
µ(p− q)Vµα(−q, q − p)
Vc TT µαγβ(p, q) = −c¯α(q − p)VT µαγβ(q,−p)
Vc¯ TT µαγβ(p, q) = c
µ(p− q)VT µαγβ(q, p− q)
VTT c¯ µαγβ(p, q) = −cµ(p− q)VT µαγβ(−p, p− q)
VTT c µαγβ(p, q) = c¯
α(q − p)VT µαγβ(−p, q). (A5)
The full matrix entry of the fluctuation matrix involves
an external ghost or antighost field, respectively. As
shown in [30], there is no 2-graviton vertex with external
ghost and antighost.
Finally we have the vertices connecting gravitons and
the scalar:
Vφh(p, q) = −Zφ(k)
4
φ(p− q) (p · q − q2)
Vhφ(p, q) =
Zφ(k)
4
φ(p− q) (p2 − p · q)
VTT φµν(p, q) =
Zφ(k)
2
φ(p− q) (pµqν + pνqµ − 2qµqν)
VφTT µν(p, q) =
Zφ(k)
2
φ(p− q) (pµqν + pνqµ − 2pµpν) .
(A6)
VTT µνκλ =
Zφ(k)
8
∫
l1
φ(l1)φ(q − p− l1) ·
·
(
lγ1 (−pγ + qγ − l1 γ) (δµκδνλ + δµλδνκ)
+
(
(l1µδνλ + l1 νδµλ) (pκ + l1κ)
+ (l1µδνκ + l1 νδµκ) (pλ + l1λ)
+ (l1κδλµ + l1λδκµ) (−qν + l1 ν)
+ (l1κδλν + l1λδκν) (−qµ + l1µ)
))
. (A7)
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